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Abstract

The electrocaloric effect in thin films of an electrocaloric material has the potential to be used for
efficient cooling systems for high power electronic devices. We numerically calculated the effect of
parameters in electrocaloric refrigeration with a thermal switch of fluid motion on the thermal
performance. The system of changing air and water flow with the pulse generation of cold energy
increased the heat transfer efficiency to 67% at a frequency of 5 Hz. The optimum time delay of
water flow to increase the heat transfer efficiency was zero at low frequency and became half of
the time period to change heat for a high frequency of 100 Hz. When the heat transfer efficiency
was high, the final temperature change in water flow was not the maximum temperature change.
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1. Introduction

The electrocaloric effect in thin films has the potential to be used for efficient refrigerators and cooling systems
for high power electronic devices. Applying an electric field to an electrocaloric material raises its temperature,
and decreasing the field lowers its temperature [1]. Figure 1 shows a model of a cooling system using the elec-
trocaloric effect. A thin electrocaloric material was coupled with two thermal switches. The electrocaloric ma-
terial alternatively generated heat energy and cold energy. Here, cold energy means negative heat energy. The
heat energy was transferred to the hot side of the system, and the cold energy was transferred to the cold side
separately. The coupling of multi-layers of thin films of an electrocaloric material with thermal switches can
work as an efficient refrigerator. The cooling rate of the refrigerator can be easily increased using the electroca-
loric effect by increasing the frequency of the electric field, so studies on the high-frequency behavior of the
cooling system are important.

"Corresponding author.

How to cite this paper: Hirasawa, S., Kawanami, T. and Shirai, K. (2016) Efficient Cooling System Using Electrocaloric Effect.
Journal of Electronics Cooling and Thermal Control, 6, 78-87. http://dx.doi.org/10.4236/jectc.2016.62007



http://www.scirp.org/journal/jectc
http://dx.doi.org/10.4236/jectc.2016.62007
http://dx.doi.org/10.4236/jectc.2016.62007
http://www.scirp.org
http://creativecommons.org/licenses/by/4.0/

S. Hirasawa et al.

Changing Thermal switch
electric field working at high temp.
‘% Heat energy /
I| ............ #l
o —
\ Cold energy
Electrp caloric Thermal switch
material

working at low temp.

Figure 1. Model of cooling system using electrocaloric effect.

Some studies on electrocaloric refrigeration have been conducted. Epstein and Malloy [1] proposed an idea of
a thin thermal-switching device using liquid crystals to develop an electrocaloric refrigerator that worked at a
frequency of 1000 Hz, and the film thickness was 10 pum. Radebaugh et al. [2] reported the electrocaloric refti-
geration for applications of cryogenics. They studied two types of thermal switches: a multiple-leaf contact
switch and a magneto thermal switch. Jia ez al. [3] used a mechanical thermal switch by moving it up and down
with a frequency of 0.1 - 0.3 Hz. Sato [4] reported the experimental results of the thermal switching behavior of
a heat pipe for a cooling device based on the electrocaloric effect. Sato used a multi-layer ceramic capacitor and
reported that the temperature of the capacitor dropped 0.49 K at a frequency of 0.1 Hz. Guo et al. [5] reported on
the fluid-based electrocaloric refrigeration system, in which a heat transfer fluid moved back and forth across the
electrocaloric material. The size of the cooling element was 7 x 2.5 mm, which was a good size to cool elec-
tronic devices, and the film thickness of an electrocaloric material was 10 pum, and the frequency was 1 - 30 Hz.
They studied the effect of the operating frequency and electric field amplitude, and reported the time lag be-
tween the electric field and the diaphragm motion significantly affected the cooling power. Ozbolt ef al. [6] re-
viewed the technologies for the electrocaloric refrigeration. Hirasawa et al. [7] reported the thermal switching
behavior of a flat heat pipe. They reported the maximum frequency of the thermal switching behavior of the flat
heat pipe was 1 Hz. Most previous experimental studies were at low frequency less than 1 Hz. Some studies for
high frequency neglected practical problems such as the effect of deformation of thin film of 10 um thickness.
For practical use of electrocaloric refrigeration to cool electronic devices, more studies are still needed to fully
understand the potential for the electrocaloric refrigeration on the system level.

In this work, we studied the effect of parameters in electrocaloric refrigeration with a thermal switch of fluid
motion on the thermal performance. We systematically studied the effects of changing air and water flow, time
delay of water flow, water flow velocity, pulse heating and frequency. The optimization design guidelines to in-
crease performance of the electrocaloric refrigeration with practical conditions were clarified.

2. Cooling System Using Electrocaloric Effect with Thermal Switch of Fluid Motion

The high-frequency behavior of the cooling system is important to enhance the cooling rate of the refrigerator
using the electrocaloric effect. However, the material has a thermal time constant to change temperature accord-
ing to the size.

Figure 2 shows the model of the cooling system using the electrocaloric effect with a thermal switch of fluid
motion. The electrocaloric material is a flat thin film, and both sides of the film contact the hot water and cold
water as they flow in thin-flow channels. Figure 3 shows the working diagram of the electrocaloric material and
fluid motion. The electrocaloric material alternatively generates heat energy and cold energy with each time pe-
riod ¢, and frequency F = 1/(2¢.). When the electrocaloric material generates heat energy, water flows in the up-
per channel with a time delay ¢4, and the heat energy is transferred to the hot side of the system. At that time, air
is present in the lower channel. However, when the electrocaloric material generates cold energy, water flows in
the lower channel with a time delay #; and the cold energy is transferred to the cold side of the system. At that
time, air is present in the upper channel. In this system, the fluid motion works as the thermal switch. The cold
side of the system contacts high power electronic devices and the hot side is cooled by a forced convection of air
with fins. In this work, we used water but we had the option to change the heat transfer fluid. As the amount of
the fluid was very little, the MEMS devices enabled the fluid to move. The design of the cooling system struc-
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Figure 2. Model of cooling system using electrocaloric effect with thermal switch of fluid motion.
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Figure 3. Working diagram of electrocaloric material and fluid motion.

ture should be optimized for practical applications to cool electronic devices. In this work, we focused on opti-
mizing the thermal performance.

Figure 4 shows the maximum thickness of the electrocaloric material b, and water flow channel b, within the
thermal time constant to change temperature. Calculation method of the maximum thickness is explained below.
The order of time constant #, (s) of thermal conduction in a film was estimated by Equation (1) [8].

t. ~(pc/A)b’ )

Here, p: density (5800 kg/m’ for electrocaloric material [4] and 1000 kg/m’ for water [8]), c: specific heat
(430 J/(kg-K) for electrocaloric material and 4200 J/(kg-K) for water), A: thermal conductivity (1 W/(m-K) for
electrocaloric material and 0.62 W/(m-K) for water), and b: thickness of the film (m).

The frequency of the changing electric field F' (Hz) should be determined within the order of the thermal time
constant £, to keep good efficiency, and they have the following relationship.

F =11, )

The maximum thickness of b, and b,, in Figure 4 was calculated from Equations (1) and (2).

The order of surface heat flux g, (W/m?) of the electrocaloric material was estimated by Equation (3) for the
thickness b, the generating heat per unit volume O, (J/m’) for each change in the electric field, and the fre-
quency of changing the electric field ' without heat loss.

q. ~ FO,b, 3)

We assumed that the heat generation rate was constant as the electric field was supplied, as shown in Figure
3. Representative values of the heat change per unit volume for each change in the electric field were reported to
be O, =4 x 107 J/m® for a change in the electric field of 1.5 x 10® V/m [9]. Figure 4 also shows the order of the
maximum surface heat flux g, calculated with Equation (3).
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Figure 4. Maximum surface heat flux, thicknesses of electrocaloric material and water flow channel.

When the thermal switch was made by fluid motion in a thin-flow channel, the order of pressure drop AP of
the fluid caused by the inertia and viscosity was estimated by Equation (4) [8].

Ou o’u X, ’ X2
AP = pat“ﬂaz ~p(tcj Wt,;bi “)

Here, u: flow velocity, ¢: time, x:coordinate to flow direction, y:coordinate to thickness, p: density, s viscosi-
ty, t.: moving time, by,: thickness of flow channel, and x.: length of flow channel.

Figure 5 shows the order of the pressure drop AP for the water calculated with Equation (4). The thickness of
flow channel b, was obtained from Figure 4, the moving time ¢, was obtained from Equation (2), and the length
of the flow channel was assumed to be x. = 0.1 m. In a practical condition the pressure drop AP should be less
than the order of 10° Pa. Then, the maximum frequency became on the order of F = 50 Hz from Figure 5. The
thicknesses of the electrocaloric material and water flow channel became on the order of b, = 0.08 mm and by, =
0.05 mm from Figure 4. Also, the heat flux of the surface of the electrocaloric material became on the order of
ge=2x10° W/m”.

In this work, we studied the case of F' = 5 Hz, the time period to generate heat was ¢, = 0.1 s, the thickness of
the electrocaloric material b, = 0.2 mm, the thickness of water flow channel b,, = 0.1 mm, the heat flux of the
surface of electrocaloric material g, = 4 x 10° W/m® as the standard condition, which was substantially smaller
than the maximum values shown in Figure 4. In this work, the water flow velocity is shown with the ratio be-
tween the flow time ¢, to pass the width of the electrocaloric material and the time period to change heat f.. The
standard condition of the flow velocity was assumed to be the condition of #, = 0.1 f.. Then, the maximum tem-
perature change in the water was 0.25°C for each layer of thin film of the electrocaloric material for the standard
condition. The temperature change was increased using multi-layers of the electrocaloric material films in prac-
tice. Heat transfer efficiency 77 was defined as the ratio between the heat transfer rate to the cold side of system
and the generated cold energy in the electrocaloric material.

The energy equation of the hot water and cold water flow is as follows [&].

or,  oT, o°T
c,| ——+tu—"=|=4,—>+ 5
pw W( 8t ax j a 2 Qw ( )

Here, T,,: water temperature, u: flow velocity (m/s), O: heat transfer rate per unit volume of water (W/m3),
Pw: density, cy: specific heat, and A, thermal conductivity of water.
The energy equation of the electrocaloric material is as follows [8].
orT, o°T, 62
ﬂ/ [

a e o

PeC, j 0, Qw (6)

6
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Figure 5. Pressure drop of water flow.

Here, T,: temperature of electrocaloric material, Q.: generating heat per unit volume by the electrocaloric ef-
fect (W/m?), b,: thickness of electrocaloric material, and b,,: thickness of water flow channel.

The heat transfer rate per unit volume of water Q,, and the laminar heat transfer coefficient o (W/m*>K) from
the surface of the electrocaloric material to the water in the thin-flow channel were calculated with the following
equations [8].

0, =a(T, ~T,)/b, %)

A
a=3.66— 8
n ®)
Here, T,: the surface temperature of the electrocaloric material in the flow channel.
We numerically calculated these equations using the finite difference method [8]. The number of calculation
meshes was 10 to the flow direction x, and 5 to the thickness direction y (they are Ty, Tex—n, Te, ek, and 7¢). The
calculation time step was 1/10 of the heat generating time ¢..

3. Calculation Results of Effect of Parameters on Thermal Performance
3.1. Effect of Changing Air and Water Flow

Figure 6(a) shows the temperature changes in the hot water 7;, cold water 7., and electrocaloric material 7, at
the exit side for the standard case of changing air and water flow as shown in Figure 3. In addition, Figure 6(b)
shows the temperature changes for the case of changing only the water flow velocity without air. Which means
that the hot water flowed in the upper channel during the time heat energy was generated in the electrocaloric
material, and the water existed at rest in the upper channel when cold energy was generated. The cold water
flowed in the lower channel during the time cold energy was generated, and the water existed at rest in the lower
channel when heat energy was generated. The calculation conditions were the frequency ' =5 Hz, the time pe-
riod to change heat 7. = 0.1 s, and the time delay z; = 0. The flow velocity was the condition of time #, to pass the
width of the electrocaloric material to make #, = 0.1¢#, and the generating heat energy flux and cold energy flux
on the electrocaloric material were g, = +4 x 10° and —4 x 10> W/m®. The temperature of the cold water in Fig-
ure 6(b) was higher than that in Figure 6(a) because the cold water existed at rest in the lower channel when
heat energy was generated. Table 1 shows the heat transfer efficiency 7, the maximum temperature change in
the cold water ATy, and the final temperature change in the cold water ATg;,. We found the system of changing
air and water flow increased the heat transfer efficiency to 19%, about four times higher than that of the case of
changing flow velocity without air. Therefore, the system of changing air and water flow was preferable. The
maximum temperature change occurred in the final stage, and AT}, = ATj, in Table 1.
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Figure 6. Effect of changing air and water flow on temperature change. (a) Changing air and water flow; (b) Changing only
water flow velocity without air.

Table 1. Heat transfer efficiency and temperature change.

Changing air and water flow Changing water flow velocity
n 0.19 0.05
AT max 0.16°C 0.12°C
AT%n 0.16°C 0.12°C

3.2. Effect of Time Delay of Water Flow

In Figure 6(a), the temperature of the cold water T, was a positive value at the time 0.10 - 0.13 s, which means
the cold water was heated initially by the residual heat of generated heat energy caused by the heat capacity of
the electrocaloric material. Then, we calculated the value by changing the time delay of the water flow from the
change in the time heating was applied in the electrocaloric material. Figure 7 shows the effect of the delay time
t4 on the heat transfer efficiency7, maximum temperature change in the cold water ATy, and final temperature
change in the cold water ATy, The calculation conditions were the frequency F = 5 Hz, the time period to
change heat 7. = 0.1 s, and the flow time to pass the width of the electrocaloric material #, = 0.1¢.. The heat
transfer efficiencies 7 were highest at the delay time #; = 0.03 s. When the delay time #; was less than 0.03 s, the
cold water was heated initially by the residual heat of the electrocaloric material as shown in Figure 6(a). When
the delay time #4 was longer than 0.03 s, the heat transfer time between the cold water and the cold electrocaloric
material decreased. As the delay time #; increased, the final temperature change ATy, decreased from the maxi-
mum temperature change in the cold water AT,,,. Figure 8 shows the temperature changes in the hot water Tj,
the cold water T, and the electrocaloric material T, at the exit side for 73 = 0.03 s. All the temperatures of the
cold water T, were negative values.

3.3. Effect of Water Flow Velocity

Figure 9 shows the effect of the water flow velocity on the heat transfer efficiencyr, the maximum temperature
change in the cold water AT}, and the final temperature change in the cold water ATy,. The water flow velocity
was shown with the ratio between the flow time ¢, to pass the width of the electrocaloric material and the time
period to change heat #.. The calculation conditions were the frequency F =5 Hz, the time period to change heat
t. = 0.1 s, and the time delay #; = 0.03 s. When the time to pass the width of the electrocaloric material ¢, was
less than10% of the time period to change heat ¢, (¢, < 0.1¢.), the heat transfer efficiencies 7 were high because
almost all the cold water reached the cold side of the system for high velocity of water flow. The maximum
temperature change in the cold water AT,,,, decreased for a high velocity of water flow because the flow volume
of water increased. Figure 10 shows the temperature changes in the hot water 7;, the cold water T;, and the
electrocaloric material T at the exit side for the case of the slow velocity of water flow at (#,/z.) = 1.
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Figure 7. Effect of time delay of water flow on heat transfer efficiency and temperature change.
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Figure 9. Effect of water flow velocity on heat transfer efficiency and temperature change.

3.4. Effect of Condition of Generating Heat Energy and Cold Energy

In Figure 6(a), the heating rate was constant when the heat energy and cold energy were generated. Figure 11
shows the temperature changes in the hot water T, cold water T, and electrocaloric material 7. at the exit side
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Table 2. Heat transfer efficiency and temperature change.
Constant heating Pulse heating
7 0.19 0.67
AT max 0.16°C 0.25°C
ATin 0.16°C 0.09°C

for the case of pulse heating, which means all the energy generated at the initial time period to change the gen-
eration of heat energy and cold energy. The calculation conditions were the frequency F' = 5 Hz, the time delay
ty = 0, and the flow time to pass the width of the electrocaloric material ¢, = 0.1#. The generation of the heat
energy flux and cold energy flux on the electrocaloric material were g, = +4 x 10* and —4 x 10* W/m” at the ini-
tial period 0.01 s of the time period to change the generation of the heat energy and cold energy #. = 0.1 s. Table
2 shows the heat transfer efficiency 7, maximum temperature change in the cold water AT}y, and final temper-
ature change in the cold water ATy,. We found the system of pulse heating increased the heat transfer efficiency
to 67 %, which was about 3.5 times higher than that of the case of constant heating. Therefore, the system of
pulse heating was preferable.

Figure 12(a) shows the effect of the frequency F on the heat transfer efficiency 7, maximum temperature
change in the cold water ATy, and final temperature change in the cold water ATg,. The time period to change
heat was t.= 1/(2F), the flow time to pass the width of the electrocaloric material was t,, = 0.1¢,, the delay time #,4
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Figure 12. Effect of frequency. (a) Efficiency and temperature change; (b) Optimum time delay.

was optimized to maximize the heat transfer efficiency at each condition, and the generating heat energy and cold
energy on the electrocaloric material chosen to be the maximum temperature change in the water became 0.25°C.
As the frequency F increased, the heat transfer efficiencies 77 decreased, and the maximum temperature change in
the cold water AT, decreased. The cooling rate of the refrigerator can be increases by increasing the frequency
of the electric field, but the heat transfer efficiencies decreases at high frequency for constant thicknesses of the
electrocaloric material and water flow channel. Figure 12(b) shows the effect of the frequency F on the optimum
delay time #; to maximize the heat transfer efficiency. The optimum delay time 74 was zero (¢4= 0) at low fre-
quency and became half of the time period to change heat ¢ (#; = 0.5¢.) for the case of high frequency 100 Hz.

4. Conclusions

We numerically calculated the effect of parameters in electrocaloric refrigeration with a thermal switch of fluid
motion on the thermal performance. The following results were obtained.

1. The design guidelines to increase performance of the electrocaloric refrigeration with a thermal switch of
fluid motion were clarified. For the thermal switch of fluid motion with a practical condition of the pressure
drop of fluid flow, the maximum frequency was on the order of F' = 50 Hz, and the thicknesses of the electroca-
loric material and water flow channel were on the order of b, = 0.08 mm and b,, = 0.05 mm, and the heat flux of
the surface of the electrocaloric material was on the order of g. =2 x 10° W/m®.

2. The optimization guidelines of the electrocaloric refrigeration system were clarified. The system of chang-
ing air and water flow according to the generation of heat energy and cold energy in the electrocaloric material
increased the heat transfer efficiency to about 4 times higher than that of the case of changing the flow velocity
without air. The system of pulse heating increased the heat transfer efficiency to 67%, about 3.5 times higher
than that of the case of constant heating at the frequency of 5 Hz. When the water flow velocity was high and the
flow time to pass the width of the electrocaloric material ¢, was less than 10% of the time period to change heat
t. (t, < 0.1t,), the heat transfer efficiencies 7 were high.

3. The optimum time delay of water flow to increase the heat transfer efficiency was 0.03 s when the fre-
quency of generating heat energy and cold energy of the electrocaloric material was 5 Hz. The optimum delay
time 74 was zero (¢; = 0) at low frequency and became half of the time period to change heat ¢, (¢4 = 0.5¢,) for a
high frequency of 100 Hz. When the heat transfer efficiency was high, the final temperature change in water
flow ATj, was not the maximum temperature change AT ,y.
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